ABSTRACT: A convergent total synthesis of MK-801 has been achieved. Key synthetic transformations include a multicomponent Barbier-type reaction to construct the α-branched amine, a selective Heck α-coupling tactic to generate the exocyclic alkene skeleton, and a late-stage intramolecular hydroamination reaction between the exocyclic alkene and the secondary protected amine. The efficacy of this method was demonstrated by the synthesis of two news analogues substituted on the aromatic rings.
M
MK-801 is an original nortropane derivative whose core is fused with two benzene rings. One of its two isomers, the (+)-MK-801, 1 also called dizocilpine, is a highly potent noncompetitive antagonist of the N-methyl-D-aspartate (NMDA) receptor, which acts by binding to a site located within the NMDA associated ion channel and thus prevents Ca 2+ flux. This biological property gives it potential as a drug to treat CNS disorders, confirmed by its well-known use as an anticonvulsant. The therapeutic potency combined with the synthetic challenge triggered attention from several groups. The principal syntheses developed are summarized in Scheme 1. Shibasaki et al. 2 reported the first enantioselective synthesis via a catalytic Reissert-type reaction starting from the 1-methylisoquinoline using an aluminum-BINOL complex. Ivy Carroll and co-workers 3 described a rapid synthesis of the racemic version of MK-801 based on a 1,3-dipolar cycloaddition between the betaine, generated in situ from the 4-hydroxy-1-methylisoquinoline and a benzyne ring. The first partner could be prepared via a four-step route described by the same group. Molander et al. 4 developed a synthetic pathway involving an original lanthanide-promoted intramolecular hydroamination reaction from the commercially available dibenzosuberone. The Merck lab 5 approach consisted on the 1,2-addition of a Grignard on the dibenzosuberenone followed by a base-induced intramolecular cyclization and a final hydroxyl removal. Recently, Chen et al. 6 depicted a five-step synthetic route starting from the dibenzosuberenone with a key Lewis acid-catalyzed cyclization and a final magnesium desulfonylation. Although all these strategies are efficient, their main limitation is the introduction of substituents on both aromatic rings, which limits the pharmacomodulation of these parts of the molecules. Our group took up the challenge to develop a new pathway to synthesize this pharmaceutical agent and various analogues via a key multicomponent Barbier-type reaction that could tolerate a great diversity of modulations (Scheme 1).
The retrosynthetic approach we envisioned is depicted in Scheme 2. The nitrogen bridged core of dizocilpine could be obtained by an hydroamination reaction between the exocyclic alkene and the secondary protected amine of compound A, which could be obtained through an intramolecular selective α-Heck reaction. The major milestone of our strategy was to obtain the preorganized vinyl/halide containing moiety B starting from the easily accessible 2-vinylbenzaldehyde, 7 the commercially available benzylamine, and 2-bromobenzyl bromide. Herein we report our preliminary results of this study.
Multicomponent reactions are very seducing for the synthesis of highly complex molecules because of the multiple bond formation usually achieved in one step. 8 Wu et al. 9 and later Le Gall et al. 10 developed an efficient zinc-promoted Barbier-like reaction that allows the access to α-branched amines involving three partners: benzaldehyde, cyclic or alicyclic amine, and benzylbromide. As their methodology seems to tolerate a wide range of substituents, we decided to apply this three component strategy to our building blocks. Wu's methodology only led to 1a with a low yield of 18% (Table 1 , entry 1). Le Gall's method instead provided the desired compound with an improved yield of 41% (Table 1, entry 2) . A small modification of these conditions, i.e., an increase of benzylamine equivalents, pleasingly rose the yield up to 49%. The next step consists in the formation of a 7-membered ring compound 3a through an intramolecular α-Heck reaction. To prevent the formation of an indoline side product during this step, it was necessary to protect the nitrogen atom through a carbamate group (2a obtained in 85% yield, Table 2 ). This could result from a Buchwald coupling during the palladiumcatalyzed C−C bond formation.
To favor the formation of the exocyclic alkene, we then optimized the Heck reaction (Table 2) . Based on the conditions described by Danishefsky et al. 11 to generate the exocyclic Taxol alkene, the first catalytic system used consisted of Pd(PPh 3 ) 4 (0.5 equiv) in MeCN at 85°C . Despite the high catalyst loading (0.5 equiv), only 10% of 3a has been obtained. Changing the solvent from MeCN to DMSO, in order to carry out the reaction at a higher temperature, resulted in a major improvement with 68% yield ( The Journal of Organic Chemistry Note As reported in Table 3 , the deprotection of the amine did not occur as smoothly as we thought in the classical acidic condition, i.e., 20% (v/v) TFA in DCM. In these conditions, we observed, in a significant amount, a byproduct resulting from the elimination of the benzylamine moiety. We then turned our attention to milder conditions as the one reported by Qu et al. 12 Indeed, they described the use of water, at an elevated temperature, as an efficient reagent to remove the Boc protecting group from a large variety of amines. Applying this attractive method to compound 3a was vain since only the starting material was recovered. Treatment of 3a with sodium carbonate (1.2 equiv) in a mixture of water and DME as depicted by Guillaumet et al. 13 was not successful in our case. Eventually, using dry HCl in solution in dioxane followed by a quick basic treatment with potassium carbonate gave 4a with 89% yield. 14 With pure compound 4a in hand, we then focused on the final cyclization/deprotection reaction sequence. The hydroamination reaction has been widely studied, and a rapid optimization, based on the work of Ackermann et al. 15 on TiCl 4 -catalyzed hydroamination of vinylarene, resulted in the bridged protected compound. This intermediate directly, without any purification, underwent a hydrogenation catalyzed by 10% palladium on carbon with ammonium formate as the hydrogen source. 16 This reaction required a high catalyst loading (0.5 equiv) but afforded the targeted (±)-MK-801 (compound 5a) with 50% yield over two steps (Scheme 3).
To demonstrate the robustness of our strategy, we explored the possibility to extend it to other substrates such as 5-methyl-2-vinylbenzaldehyde and 2-bromo-1-(bromomethyl)-4-methoxybenzene. To the best of our knowledge, only a few examples of modified MK-801 are described in the literature. 5, 17 With our methodology, for both substrates, the sequence MCR protection Heck coupling deprotection resulted in the desired compounds 4b and 4c with a satisfying yield of, respectively, 46% and 23% over 4 steps (Scheme 4). In the case of compound 4b, it appeared that the hydrogenation with Pearlman's catalyst gave a better result than the former method with HCOONH 4 and Pd/C, providing compound 5b in 51% yield over 2 steps . For compound 4c, the sequence previously described afforded compound 5c in 47% yield over the two steps.
In conclusion, we successfully developed an original and practical synthesis of dizocilpine and two of its analogues. This method could tolerate more modifications and presents the advantage of requiring simple and commercially available starting materials over the one existing. Efforts are now in progress to synthesis a large library of MK-801 analogues through this strategy to study their biological activity as antagonists of the N-methyl-D-aspartate (NMDA) receptor.
■ EXPERIMENTAL SECTION
General Information. All reactions were conducted under an argon atmosphere. The solvents, cyclohexane, dichloromethane, 1,4-dioxane, ethyl acetate, and methanol, for extraction and chromatography were technical grade. THF was distilled over Na/benzophenone.
Instrumentation. These compounds were all identified by usual physical methods, e.g., 1 H NMR, 13 C NMR (J-MOD), IR, and HRMS (ESI).
1 H and 13 C NMR spectra were measured in CDCl 3 with a Bruker Avance-300. 1 H chemical shifts are reported in ppm from an internal standard, TMS, or of residual chloroform (7.26 ppm) or methanol (3.32 ppm). The following abbreviations are used: m Typical Procedure for the MCR. 2 A suspension of zinc dust (3 equiv), trifluoroacetic acid (0.3 equiv), and benzyl bromide (0.4 equiv) in dry acetonitrile was stirred 5 min at room temperature. Then, benzylamine (1.4 equiv), vinylbenzaldehyde (1 equiv), and 2-bromobenzyl bromide (2.2 equiv) were added to the solution, and the reaction mixture was stirred at room temperature for 1 h (exothermic reaction). After the completion of the reaction, the resulting solution was poured into a saturated aqueous NH 4 Cl solution and extracted with EtOAc. The combined organic layers were dried over Na 2 SO 4 and evaporated to dryness, and the desired compound was purified by column chromatography. Typical Procedure for Heck Coupling. 3 A sealed tube was equipped with a septum and purged with argon. The tube was charged with compound 2 (1 equiv), K 2 CO 3 (3 equiv), Pd(PPh 3 ) 4 (0.2 equiv), and dry DMSO. The resulting mixture was flushed with argon and was stirred for 2 h at 150°C. The resulting slurry was allowed to cool to room temperature, diluted with EtOAc, and washed with a large amount of brine solution. The organic layer was dried over MgSO 4 , filtered, and concentrated in vacuo. The crude material was purified by flash chromatography. Typical Procedure for the Amine Deprotection. 4 Under an inert atmosphere, at 0°C, HCl (80 equiv, 4 M in dioxane) was added to compound 3 (1 equiv). The mixture was then stirred at room temperature for 5 h. The solvent was removed by rotary evaporation, and the crude reaction was used directly for the next step without any purification. Dry THF and K 2 CO 3 (2 equiv) were added to the residue, and the stirring was maintained for 2 h at room temperature. The resulting suspension was filtered through a Celite pad and rinsed with EtOAc. The filtrate was concentrated in vacuo, and the crude material was purified by silica gel chromatography. The Journal of Organic Chemistry Note mixture was stirred for 3 days at 150°C. After the completion of the reaction, the solvent was evaporated under reduced pressure. The crude reaction was used directly for the next step without any purification. Anhydrous ammonium formate (15 equiv), 10% Pd/C (0.5 equiv), and dry methanol were added in a single portion under nitrogen. The resulting reaction mixture was stirred at reflux temperature. After the completion of the reaction, the catalyst was removed by filtration through a Celite pad and rinsed with chloroform. The filtrate was evaporated under reduced pressure, and the resulting crude material was purified by flash chromatography. annulene (5b). In a sealed tube, under argon, to a solution of Nbenzyl-8-methyl-5-methylene-10,11-dihydro-5H-dibenzo[a,d] [7] annulen-10-amine (144 mg, 0.44 mmol) in dry toluene (1 mL) was added TiCl 4 (0.09 mL, 0.09 mmol, 1 M in DCM). The resulting mixture was stirred for 3 days at 150°C. After the completion of the reaction, the solvent was evaporated under reduced pressure. The crude reaction was used directly for the next step without any purification. A total of 10 mL of ∼15% Pd(OH) 2 /C (200 mg, 0.16 mmol, 50% in H 2 O) was added to the crude material solubilized in dry methanol (4 mL). The mixture was stirred under a hydrogen atmosphere for 8 h. After the completion of the reaction, the catalyst was removed by filtration through a Celite pad, which was then rinsed with DCM. The filtrate was evaporated to dryness and purified by flash chromatography to afford the desired product 5,8-dimethyl-10,11-dihydro-5H-5,10-epiminodibenzo 
